Rodriguez, Mariano Julián, Irene Raquel Iscla, and Lidia Szczupak. Modulation of mechanosensory responses by motoneurons that regulate skin surface topology in the leech. J Neurophysiol 91: 2366 -2375, 2004; 10.1152/jn.01195.2003. Central regulation of somatosensory signals has been extensively studied, but little is known about their regulation in the periphery. Given the widespread exposure of the skin sensory terminals to the environment, it is of interest to explore how somatosensory sensitivity is affected by changes in properties of the skin. In the leech, the annuli that subdivide the skin can be erected under the control of the annulus erector (AE) motoneurons. To analyze whether this surface change influences mechanosensory sensitivity, we studied the responses of low threshold mechanosensory T cells to mechanical stimulation of the skin as AE motoneurons were activated. In segments of the body wall connected to the corresponding ganglion and submerged in an aqueous environment, T cells responded to localized bubbling on the skin and to water flow parallel to its surface. Excitation of AE motoneurons diminished these responses in a way that depended on the motoneuron firing frequency. Video recordings established that the range of AE firing frequencies that produced effective annulus erection coincided with that influencing T cell responses. In isolated ganglia, AE firing had no effect on T cell excitability, suggesting that annulus erection diminished T cell responsiveness to mechanical input. Counteracting this effect, mechanosensory inputs inhibited AE motoneurons. However, because depolarization of AE cells caused a decrease in their input resistance, the more active the motoneuron, the less sensitive it became to inhibitory signals. Thus when brought to fire, AE motoneurons would stay "committed" to a high activity level, and this would limit sensory responsiveness to incoming mechanical signals.
I N T R O D U C T I O N
Sensory sensitivity is shaped by the properties of specific sensory receptors and by descending signals that focus the "attention" of the organism under the influence of external and internal conditions. Thus the internal representation generated by sensory systems is not only a function of the external scene, but it is also dictated by the motivations and needs of the organisms that, consequently, serve as an "action-oriented pointer" (Engel et al. 2001 ). This characteristic implies that all sensory modalities should possess mechanisms to regulate their own responsiveness to incoming signals, providing the animal with the ability to disregard inputs that, under specific circumstances, become irrelevant or disturbing. Different sensory systems count on a variety of peripheral and central mechanisms to filter incoming signals.
Taking as an example the visual system, one realizes that sensory signals can be filtered right at the periphery or at higher processing levels. Closing the eyelids or adjusting the iris are examples of peripheral means to regulate visual input, whereas focusing on certain objects of the scene, while ignoring others, is part of a complex processing taking place at higher levels. As to mechanosensory pathways, the majority of the studies in the past analyzed regulatory mechanisms that happen at central levels (Buschges and El Manira 1998; Rudomin 1999) , while regulation of mechanosensitivity at peripheral levels has been relatively ignored (Pubol 1982) . Considering the widespread exposure of the skin to the environment, it seems highly relevant to explore how the skin that holds the sensory terminals affects somatosensory sensitivity, providing a peripheral filter to external inputs. Invertebrate organisms usually provide experimental settings where it is possible to test interactions that are of a more complex nature in higher organisms. The question of what is the role that skin surface plays in mechanoreception can be investigated directly in the leech Hirudo medicinalis. On one hand, the leech has a well-developed mechanosensory system in which one can record intracellularly the responses of wellidentified sensory neurons to peripheral stimulation. There are three distinct types of mechanosensory neurons in each leech segmental ganglion: neurons sensitive to light touch (T), pressure (P), and nociceptive (N) stimuli (Nicholls and Baylor 1968) . On the other hand, the skin of the leech is divided by transverse furrows into 102 annuli that can be erected through the contraction of annulus erector muscles (Mann 1962) . These muscle fibers are controlled by a pair of motoneurons present in each ganglion, the annulus erector (AE) motoneurons (Stuart 1970) . Thus the surface of the skin can be changed from smooth to ridged by controlling the activity of AE motoneurons. A thorough analysis of the distribution of the low-threshold T cell terminals in the leech skin showed that they are located near the skin surface, intermingled with epithelial cells (Blackshaw 1981) . On the bases of the preceding information, the goal of this study was to analyze whether changes in the skin topology exert any influence on mechanosensitivity.
Despite the evidence of annulus erection in the leech, it is not yet known what induces it, and no clear function can be ascribed to such movements of the annuli. Here we show that skin surface topology and mechanosensory responses can influence each other. On one hand, activation of AE motoneurons, to levels that cause substantial annulus erection, diminished the responsiveness of T cells to mechanical stimulation. In turn, activation of T cells inhibited AE motoneuron activity; however, this mutual interaction was not symmetrical. The balance of this feedback mechanism was strongly influenced by the biophysical properties of the motoneurons. The results illustrate a potential mechanism to regulate somatosensory sensitivity at peripheral levels.
Preliminary experiments in the implementation of the localized water flow over the leech skin were carried out by C. A. Williams and E. A. Whitchurch as a student project during Neural Systems and Behavior Course (2003) at the Marine Biological Laboratory (Woods Hole, MA).
M E T H O D S

Biological preparation
H. medicinalis, weighing 2-5 g, were obtained from a commercial supplier (Leeches USA, Westbury, NY) and maintained at 15°C in artificial pond water. The animals were not fed for at least 1 mo prior to dissection.
The leech nervous system is composed of 21 midbody ganglia and a head and tail brain. Each midbody ganglion innervates a body segment and contains all the corresponding sensory and motor neurons (Muller et al. 1981) . The skin of each midbody segment is divided in five annuli. Two types of preparations have been used: isolated midbody ganglia and body-wall preparations, as indicated. For the first type, individual ganglia were dissected out and pinned, ventral side up, in Sylgard-coated petri dishes (Dow Corning) filled with saline solution at room temperature. The body-wall preparations consisted of a three segments section of the body wall, comprising skin and muscles, cut along its dorsal midline, of which only the central segment was left innervated by the corresponding segmental ganglion. The body wall was pinned down on the Sylgard base of a dish, and the ventral aspect of the ganglion was exposed by making a small hole in the ventral skin (Fig. 1, inset) . To ease the stretching of the body wall in the chamber, this procedure was performed in a solution containing 20 mM Mg 2ϩ and 1 mM Ca 2ϩ , which abolishes chemical transmission and minimizes muscle contractions (Baylor and Nicholls 1969) . Thereafter, the solution in the chamber was exchanged with normal saline, washing out the tissue with five times the volume of the dish, to assure the effective wash out of the high Mg 2ϩ concentration. The sheath covering the ganglion was removed in some preparations. The saline solution had the following composition (in mM): 115 NaCl, 4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 Tris base, and 10 glucose (pH 7.4).
Electrophysiological recordings
The neuronal activity was studied by means of intracellular electrodes inserted into the somata of identified neurons. T and AE neurons were recognized by their soma location, electrophysiological properties, and function (Muller et al. 1981; Nicholls and Baylor 1968) .
The microelectrodes were pulled from borosilicate capillary tubing (FHC, Brunswick, ME), filled with a 3 M potassium acetate solution, and had a resistance of 20 -40 M⍀. The electrodes were connected to an amplifier Axoclamp 2B (Axon Instruments, Union City, CA) operating in the current-clamp configuration, and they were bridgebalanced. The recordings were digitized using a Digidata 1320 interface and acquired using Clampex protocols (pClamp 8.0.2, Axon Instruments) at sampling frequencies of 5-10 kHz.
Intracellular excitation of T cells was achieved by injecting trains of suprathreshold current pulses (2-4 nA, 5 ms, 10 -15 Hz) delivered through the recording electrode using a Master 8 stimulator (A.M.P.I., Jerusalem), which was triggered by the acquisition software. Electrophysiological recordings were analyzed using Axograph 4.5 and Clampfit 8.1.0.12 (Axon Instruments).
Skin stimulation and video recording
Two types of mechanical stimulation of the skin were applied: "localized bubbling" and "localized stream." The localized bubbling method was previously described (Marín Burgin and Szczupak 2003) . Briefly, air pressure pulses were delivered through a micropipette, which had a tip of around 5 m, by a Picospritzer II pressure-pulse generator (General Valve, Fairfield, NJ) on the skin. These pressure pulses resulted in the localized bubbling of the external solution. The localized stream method consisted in directing a flow of external solution, parallel to the surface of the skin. For this purpose, we used a tube as a reservoir of saline solution and a micropipette was attached to one end, while the Picospritzer was attached to the other end. The micropipette was bent under heat so that its tip, which was around 50 m wide, expelled the flow parallel to the surface of the skin. The flow was controlled by pressure pulses applied using the Picospritzer (6 -9 psi). In preliminary experiments, the solution in the tube was colored with Fast Green, and we observed that this procedure produced a narrow stream of solution that extended for around three to five annuli, with a consequent movement of the surrounding solution, but without causing visible turbulence, bubbling, or any microelectrode movement. This kind of stimulation produced a train of T cell spikes throughout the duration of the flow that was highly repeatable on successive trials and persisted even when the external solution (in the bath and in the tube) contained 20 mM Mg 2ϩ and 1 mM Ca 2ϩ (n ϭ 4), a solution that abolishes chemical synaptic transmission in leech ganglia. In each midbody leech ganglion, right and left AE motoneurons innervate the muscle fibers of the contralateral hemisegment and sensory neurons innervate the ipsilateral body wall (Nicholls and Baylor 1968; Stuart 1970) . Thus to test the interaction between T and AE cells, the experimental configuration was to record from one of the three T cells present in each hemiganglion (Fig. 1A, inset) and to excite the contralateral AE motoneuron by DC current injection through the recording electrode (bridge balanced). Annulus erection was confirmed by visual inspection of the skin through the microscope.
To quantify annulus erection, we filmed the skin using a CCD camera Sony TR50 (Sony Corp.) mounted on a stereomicroscope Olympus SZ60 (Olympus). In body wall preparations, we focused on the profile of an annulus (Fig. 3, inset) , while recording from the contralateral AE motoneuron. The AE motoneuron was stimulated to fire at different frequencies by injecting DC current pulses (20 s) of different amplitude (0 -2 nA). The skin was filmed for around 10 s before and throughout the stimulus. The images were stored on magnetic tape. Two frames were digitized, one before and one corresponding to 15 s after the stimulus onset, and analyzed using a PC and Scion Image (Scion Corp., Frederick, MD). To characterize the state of the annuli, we measured their height (see Fig. 3 ), and calculated the ratio between the value during the stimulus over the value before the stimulus.
Results are expressed as average value Ϯ SE, and the number of independent observations is expressed in parentheses (n). Curve fitting was done with Statistica (StatSoft, Tulsa, OK). In Fig. 3 , data from each experiment was adjusted using the equation h ϭ 1/[1 ϩ exp(Ϫf ϩ P)], where h is the annulus height ratio, f is the AE firing frequency, and P is the inflection (half-amplitude) point of the sigmoid.
R E S U L T S
Effect of AE activity on the responsiveness of T cells to mechanical stimuli applied to the skin
Erection of the annuli that subdivide the skin produces a major change in the body surface topology of the leech. To analyze whether this surface change could influence mech-anosensory sensitivity, we studied the responses of the lowthreshold T mechanosensory cells to mechanical stimulation of the skin as the annuli were induced to erect via the excitation of the corresponding AE motoneurons (see METHODS) .
Experiments were performed using body wall preparations (see METHODS) where the skin was stimulated by localized bubbling of the external solution (Marín Burgin and Szczupak 2003) , and T and AE cells were recorded by means of intracellular electrodes. Stimulation of the appropriate sensory field (Lewis and Kristan 1998; Marín Burgin and Szczupak 2003; Nicholls and Baylor 1968 ) evoked a series of action potentials in the recorded T cell throughout the stimulus period (Fig. 1Ai ).
The higher-threshold mechanosensory neurons (P and N cells) do not respond to this type of stimulation (Marín Burgin and Szczupak 2003) . That the T cells could be the primary sensory detectors of the applied stimuli is suggested by the fact that they respond when the whole preparation is bathed in a solution containing a high Mg 2ϩ /Ca 2ϩ ratio, which precludes any chemical synaptic interaction (Marín Burgin and Szczupak 2003) .
Excitation of the AE motoneuron by the injection of DC current caused a decrease in the T cell responses to the mechanical stimuli to a degree that depended on the AE firing frequency (Fig. 1A , ii and iii). This effect reverted as AE was returned to the initial silent condition (Fig. 1Aiv) . The recordings also show that AE motoneurons received inhibitory inputs during the mechanical stimulation, and these responses will be addressed later in this manuscript. Note that the somatic recordings of AE motoneurons show very small spikes due to their passive propagation from "electrically distant" active sites. The spikes (AE traces in Fig. 1A , ii and iii) can be clearly distinguished from other subthreshold events (AE traces in Fig.  1A , i and iv) because of their stereotyped time course. These considerations also apply to subsequent figures. Figure 1C summarizes the results of six experiments similar to that described above. The graph in Fig. 1C shows that, in all cases, T cell firing decreased as AE firing rate increased. In one case (E), the T response increased at low AE firing rates and decreased with higher AE firing frequencies. The average T cell response when AE fired at around 10 Hz (8 -11 Hz) was 0.6 Ϯ 0.2 of that measured when AE motoneuron was silent (n ϭ 6).
In this study, we chose to stimulate the skin using the localized bubbling method rather than the more classically used touch with a stylus (Yau 1976) . Our aim was to learn how the skin surface topology affected sensory responsiveness. This aim demanded the use of stimuli whose delivery did not depend on the actual contact with the skin itself. In delivering a touch stimulus with a stylus, we would have needed to consider how the shape of the tip interacted with the changing skin surface. The localized bubbling could be delivered at a constant distance from the skin, allowing the contact surface to adapt to the skin surface. However, because the observed change in T cell response could reflect a limited access of the bubbles to the ridged skin, we repeated these experiments using a different method of stimulation. This alternative method consisted of delivering a narrow steady flow of solution parallel to the surface of the skin, in a direction perpendicular to the annuli (see METHODS). The steady flow of external solution over the skin for 3 s evoked a train of action potentials in T cells (Fig. 1Bi ) composed of around 50 spikes (36 -95 spikes in 7 experiments). The T cells also responded to water flow over the skin surface when the preparations (n ϭ 2) were bathed in a solution containing a high Mg 2ϩ /Ca 2ϩ ratio (see METHODS; data not shown), suggesting that T cells are primary detectors for this type of stimulation (P and N cells did not respond). This T cell response also diminished as the corresponding AE motoneuron was induced to fire action potentials (Figs. 1B, ii and iii) , and the decrease was a function of the AE firing frequency (Fig. 1D) . The average T cell response when AE fired at around 10 Hz (9 -12 Hz) was 0.5 Ϯ 0.1 (n ϭ 8) of that measured when AE was silent.
Taken together these results show that the low-threshold mechanosensory neurons could detect local bubbling and steady flow over the surface of the skin, and these responses were inhibited by the activation of the motoneuron whose firing raised the skin into ridges.
The effect of AE activity on T responsiveness could be due to phenomena taking place at central or peripheral sites. To test whether AE firing affected the excitability of T cells at central levels, we performed experiments in isolated ganglia (see METHODS) . T cells were stimulated through the recording electrode by ramp current pulses with a peak amplitude of 2 nA, while AE was set to fire at different rates ( Fig. 2A, i and ii). The ramp current step depolarized the T cell and caused it to fire as threshold potential was reached, generating a series of spikes throughout the rest of the electrical stimulus. The threshold potential at which T cells fired the first spike and the total number of spikes fired throughout the ramp were not affected by AE spike frequency (Fig. 2B ). This result indicates that AE activity did not affect T cell excitability centrally, and therefore, the effect of AE spiking on T cell response to mechanical stimulation of the skin (Fig. 1) was the consequence of a phenomenon that took place at the periphery. Our hypothesis is that this phenomenon was the annulus erection caused by AE firing.
Relationship between AE activity and annulus erection
Although it has been clearly established that excitation of AE motoneurons is responsible for the contraction of muscles that result in annulus erection (Stuart 1970) , the relationship between AE activity and annulus erection has not been described in detail. Because our interpretation of the results FIG. 1. Annulus erection diminished the sensitivity to light mechanical stimuli. A and B: intracellular recordings of T sensory neurons and annulus erector (AE) motoneurons in body wall preparations as mechanical stimuli were applied onto the skin. Insets: scheme of recording configuration composed of 2 intracellular electrodes and a pipette through which air puffs (A) or streams of external solution (B) were applied onto the skin. The 4 pairs of traces (i-iv) in each panel were recorded from the same pair of T and AE neurons as the AE membrane potential was shifted to different values by DC current injection into its soma, with the consequent change in activity level. Small spikes observed in AE traces are due to passive propagation of action potentials, originated at an electrically distant site (Gu et al. 1991) . In these recordings the AE motoneuron was either silent (Ai and Bi), fired at a mean rate of ϳ10 Hz (Aii and Bii), ϳ15 Hz (Aiii and Biii), or silent again (Aiv and Biv). Thick bars above the recordings indicate the duration of skin stimulation. Vertical scale bars indicated in Ai and Bi apply to all the recordings in the corresponding panel. In A, the membrane potential of the T and AE neurons (respectively) was set at (in mV) -40 and Ϫ53 (i), Ϫ40 and Ϫ23 (ii), Ϫ39 and Ϫ12 (iii), and -47 and -50 (iv). In B, the membrane potential of the T and AE neurons (respectively) was set at (in mV) -37 and Ϫ45 (i), Ϫ37 and Ϫ27 (ii), Ϫ37 and Ϫ23 (iii), and -37 and -37 (iv). C and D: number of T cell spikes evoked by local bubbling (C) or local stream (D) as a function of the mean spike frequency of AE motoneurons (measured for a period of 2 s before the stimulus). Each symbol shows the relationship obtained for a single T and AE pair: C, data of 6 pairs studied in 4 different preparations; D, data of 7 pairs of cells studied in 6 preparations. T cell responses are expressed relative to the initial response, when the AE motoneuron was silent. In all the cases that compose these graphs, the "control" responses in the middle and end of the experiment were not Ͻ70% of the initial response. presented in Fig. 1 is that AE firing affected mechanosensitivity through the consequent change in skin topology, it is important to determine the relationship between AE firing frequency and annulus erection. To achieve this goal we measured annulus erection by performing video recordings of the skin as AE motoneurons were shifted to different firing frequencies (see METHODS) . Figure 3A shows representative photos focusing on an annulus in two states: before the current pulse injection (Fig. 3Ai) and when the AE motoneuron was firing at a mean frequency of 7 Hz (Fig. 3Aii) . In this study, we have not analyzed the dynamics of the annulus erection throughout the pulse injection, but a preliminary inspection showed that, for each electrical stimulus level, the annulus erection reached a plateau at around 3 s. Figure 3Bi describes the change in annulus height as a function of AE firing frequency, measured 15 s after the onset of the current pulse to capture a steady annulus state. The figure shows the results from different preparations, revealing that annulus erection was evoked after reaching a minimal firing frequency of around 5 Hz and increased as AE firing rate increased, up to certain maximal value. The maximal annulus height varied from preparation to preparation and ranged from 1.5 to 3 times the resting height. Figure 3Bii shows the same data as in Fig. 3Bi , but the height was made relative to the maximal value obtained in each case. This graph shows that the relationship between the AE motoneuron firing frequency and annulus erection could be represented as a sigmoid: for annulus height to show a measurable increase, AE had to fire at a minimal frequency of 5 Hz, and it increased steeply in the range between 5 and 15 Hz, reaching a plateau value beyond which further increase in AE firing rate caused no further measurable increase. The average frequency value at the inflection point of the sigmoid fitting (see METHODS) of all the curves was around 10 Hz (9.7 Ϯ 0.7 Hz).
Note that the same range of AE spike frequency that cause annulus erection (Fig. 3Bii) diminishes the mechanosensory sensitivity of T cells (Fig. 1, C and D) .
Effect of mechanosensory neurons on the AE motoneuron
Throughout the preceding experiments, we analyzed the effects that AE activity produced on T mechanosensory neurons, ignoring the fact that the sensory stimulus evoked inhibitory responses in the motoneuron (see Fig. 1 , A, ii and iii, and B, ii and iii). Figure 4A presents an additional example obtained in a body wall preparation showing that a stimulus that excited the corresponding T cell evoked an inhibitory response in the AE motoneuron. In all these examples, and in the rest of the experimental observations that constitute this study, it was possible to observe that the synaptic AE hyperpolarizations were markedly reduced when the motoneuron was depolarized and fired at higher rates (Fig. 4A, i and ii) . As the motoneuron was depolarized, it was possible to observe a decrease in the duration and in the maximal amplitude of the hyperpolarizing response. However, because increasing AE activity diminished T cell responses (Fig. 1) , the observed decline in AE response could plainly reflect a decline in synaptic input from the sensory neurons.
To test this possibility, we analyzed the responses of AE motoneurons to direct sensory cell excitation in isolated ganglia. AE motoneurons are known to receive polysynaptic inhibitory input from the mechanosensory neurons sensitive to pressure (P cells) exerted on the skin (Iscla et al. 1999) . Therefore it was reasonable to assume that the inhibitory responses produced by light mechanical stimuli observed in Figs. 1A and 4A were due to a synaptic interaction between T and AE motoneurons at the ganglion level. As expected, stimulation of T cells evoked inhibitory responses in AE motoneurons, and these responses also declined as the AE membrane potential was depolarized, increasing their firing frequency (Fig. 4B, i and ii) . These results indicate that activation of T cells evoked inhibitory responses in AE motoneurons, but this inhibitory synaptic input was restricted by the depolarization of the motoneuron. For a more detailed study, we analyzed the AE motoneuron responses in an extended range of membrane potentials. Figure 5A exhibits a set of traces showing the responses of an AE motoneuron to spike trains elicited in T mechanosensory neurons as the AE motoneuron was set at a wide range of membrane potentials. These recordings illustrate that AE motoneurons exhibited a hyperpolarizing response that reached a maximum value at an AE membrane potential of FIG. 2. AE activity had no influence on T cell excitability in an isolated ganglion. A: intracellular recordings of a T sensory neuron and an AE motoneuron in an isolated ganglion. A current ramp (2 nA at the peak) was injected into the T cell through a balanced-bridged electrode (I T ) as the AE motoneuron was held silent (Ai) or firing at 10 Hz (Aii) through the injection of DC current. Membrane potential of the T and AE neurons (respectively) was set at (in mV) -51 and Ϫ54 (i) and -51 and -25 (ii). B: number of spikes (empty symbols) and spike threshold (filled symbols) as a function of AE firing frequency. Threshold was measured as the voltage at which the T cell fired the 1st spike. Each symbol (empty and filled) represents data from a single T and AE pair (n ϭ 3).
around -30 mV and decreased when the membrane potential was shifted both to more positive and to more negative values. Figure 5B summarizes the results obtained for a series of experiments like the ones described in Fig. 5A . The graph shows that the responses increased in the voltage range be-
FIG. 4. Comparison of the responses of AE cells to mechanical stimulation of the skin and intracellular stimulation of mechanosensory neurons.
A: responses of an AE motoneuron and a T cell in a body wall preparation to mechanical stimulation of the skin as the membrane potential of the AE motoneuron was set at -45 (Ai) and -33 mV (Aii). Thick bar underneath the recordings indicates stimulation duration. Ai: AE recording shows 2 spikes at baseline and a sustained hyperpolarization caused by the stimulus, during which the cell did not spike. Aii: AE recording shows 6 spikes at baseline and a hyperpolarization caused by the stimulus, during which the cell did not spike for ϳ500 ms (*the 1st spike during the stimulus period). B: responses of an AE motoneuron in an isolated ganglion as a T cell was stimulated intracellularly to fire 5 spikes at ϳ10 Hz, and the membrane potential of the AE motoneuron was set at -45 (Bi) and -27 mV (Bii). Spikes are deformed by the current step applied. FIG. 3 . Relationship between AE cell firing rate and annulus erection. A: photographs of a skin annulus taken through the microscope in a body wall preparation as indicated in the inset. At the edge, the body wall was folded to allow a clear view of the profile of the annuli from above. The contralateral AE motoneuron was impaled with a balanced bridged intracellular electrode, through which current pulses (20 s) of varying amplitude were injected. Ai: annulus before onset of current pulse. Aii: same annulus 15 s after onset of a 20-s pulse. Traces underneath each photo show fragments of the electrophysiological recording at around -50 and -25 mV, respectively. To quantify the annulus erection, we measured the height of the "triangle" defined in the skin profile by each edge of the annulus and the peak of the annulus profile. This measurement is graphically described in the insets, where the annulus profile was drawn and height is indicated by the double arrowed lines. Bi: annulus height as a function of mean spike frequency of the AE motoneuron. Each symbol shows the relationship for 1 of the 8 AE motoneurons studied in 4 preparations. "Height" of the annulus was made relative to the value obtained with the AE motoneuron in the silent state at the beginning of the experiment. In each preparation, we measured the change in annulus height in video frames corresponding to 5 s before and 15 s after the onset of the pulse, and we calculated the average AE frequency in the intracellular recordings using 1-s sections of the trace, 14 s after the pulse onset. Bii: same data as in Bi, scaling height as a fraction of maximal height. Curve is the average sigmoidal curve to which data of each experiment were fitted. Each fitted curve (data not shown) explained Ն78% of the observed variance.
tween -80 and -30 mV, reaching a maximal value at around -30 mV, and decreasing on further depolarization. The reversal potential of the hyperpolarization was around -60 mV.
If the synaptic response had a reversal potential at approximately -60 mV, what caused the decline of the response at membrane potentials more positive than -30 mV? This influence of the membrane potential on the synaptic response could be due to particular properties of the synaptic conductance or to properties of the motoneuron itself. To answer this question, we analyzed the influence of the membrane potential on the input resistance of the AE motoneuron. Figure 6A shows representative responses of an AE motoneuron to the injection of square current pulses as its membrane was set at different potentials. The membrane deflection to the same current pulse varied at different membrane potentials. At -40 mV, the deflection was substantially larger than at -20 or -60 mV and displayed a clearly larger time constant. Figure 6B summarizes the data, revealing that the relationship of the input resistance with the membrane potential exhibited an inverted V shape, with a maximal value at around -50 mV. The input resistance dropped steadily at more negative and more positive membrane potentials. FIG. 6 . Relationship between input resistance and membrane potential of AE motoneurons. A: recordings of an AE motoneuron showing voltage deflection caused by a negative square current step of 0.1 nA, obtained at different membrane potentials indicated by the scale on the left (in mV). Timing of the current pulse is indicated underneath traces. Experiment was performed in an isolated ganglion. B: relationship between input resistance (expressed as the ratio between voltage deflection and amplitude of injected current) and membrane potential of AE motoneurons (n ϭ 30). Input resistance values were expressed relative to the value measured at Ϫ40 mV. C: relationship between average firing frequency and membrane potential of AE motoneurons in the same neurons as in B. The decrease in input resistance as AE motoneurons were hyperpolarized might be attributed to the presence of an inward rectifier potassium conductance that activates on hyperpolarization of the membrane. This type of conductance has been observed in other leech neurons (Angstadt and Friesen 1993; Wessel et al. 1999) . However, in terms of the hyperpolarizing synaptic response, more significant is the modulation of input resistance on depolarization of AE motoneuron. As AE was depolarized, one would have expected to see an increase in the amplitude of a synaptic response that had a reversal potential at around -60 mV. A possible explanation for the observed decrease in input resistance is the impact of voltage-activated conductances active during spiking activity. Figure 6C demonstrates the correlation between AE firing frequency and membrane potential, showing that the firing increased steadily in the range between -50 and -10 mV, in step with the steady decrease in input resistance observed in this voltage range.
D I S C U S S I O N
Mechanosensory signals in the leech
It is generally accepted that leeches possess two separate types of receptors to relay mechanical signals from their environment: the tactile endings of T, P, and N cells in the skin (Blackshaw 1981; Blackshaw et al. 1982; Yau 1976 ) and the ciliated sensory cells in the sensilla (Derosa and Friesen 1981; Friesen 1981; McVean et al. 1990; Phillips and McVean 1982) . This division implied that activation of the first type required the actual indentation of the skin due to contact with an external solid object, while the second type was activated by water movement over the skin surface.
In a previous study, we showed that T cells are activated by the light touch produced by air bubbling onto the skin (Marín Burgin and Szczupak 2003) , and in this study, we show that these low-threshold mechanosensory neurons were also excited by flow of water parallel to the surface of the skin, as first demonstrated by Nicholls and Baylor (1968) . It was suggested that water motion evoked T cell activity through excitatory synaptic input from sensillar water movement receptors (SMRs), rather than by direct stimulation of its terminals (Friesen 1981) . However, that the responses of T cells to the mechanical stimuli applied throughout this study were due to direct activation of its sensory terminals is suggested by two main facts: 1) almost all the spikes in our T cell recordings arose directly from the baseline, resembling the spikes produced during direct activation of mechanosensory terminals by touching the skin with a stylus, while the T cell spikes evoked during SMR activation are preceded by small depolarizing prepotentials (Friesen 1981) ; 2) the responses of T cells were also observed in a solution that impairs chemical synaptic transmission in the leech. Definite determination of whether T cells act as primary receptors, or are excited by sensillar receptors (e.g., through electrical junctions), remains to be tested. However, this study clearly indicates that the lowthreshold tactile receptor cells were sensitive to movements of water surrounding the leech, indicating that these mechanoreceptors can be used by the animal to sense its own movement or the movement of other nearby objects. T cells did not appear to be active during swimming (Yu et al. 1999) , but it is possible that these sensory neurons become phasically active at the initial stages of movement, and adaptation takes place as movement proceeds. According to this interpretation, the T mechanosensory neurons could serve, together with the sensillar movement receptors, as an early source of information on the leech surroundings.
The physiological characteristics of T cells resemble those of rapidly adapting mechanosensory neurons of the vertebrates (Johnson 2001 ) in several aspects: 1) their endings lie just beneath the epidermis (Blackshaw 1981); 2) they are sensitive to minute skin deformations, as evidenced by their sensitivity to bubbling or to water flow over the surface of the skin; 3) they show a fast adaptation to steady touch (Carlton and McVean 1995) ; and 4) they are more sensitive to dynamic skin deformation (Carlton and McVean 1995) , and as such, they provide a neural image of motion signals.
Annulus erection regulated T cell sensitivity to peripheral stimulation
Previously no clear function has been assigned to annulus erection in the leech. The observation that annulus erection occurred during the contraction phase of crawling led to the speculation that annulus erection could be used to give the animal better traction against the substrate (Eisenhart et al. 2000) . On the other hand, flattening the annuli is a prerequisite for swimming, probably because a smooth skin surface offers hydrodynamic advantages (Friesen 1981) . In this study, we have investigated whether erection of the annuli could influence the sensory responses to mechanical stimuli applied onto the skin. The results from this study show that the responsiveness of the low-threshold mechanosensory T cells was sharply decreased by activation of the motoneurons that regulate raising the skin ridges in the leech, in a way that correlated with the motoneuron firing frequency. Thus the data suggest that regulation of skin ridging could modulate the sensitivity of the animal to external stimuli. The interpretation that the effect of AE activity on T cell response was due to the resulting annulus erection was supported by two additional observations: 1) AE motoneuron activation had no effect on T cell central excitability (Fig. 2) while strongly affecting responsiveness to peripheral mechanostimuli (Fig. 1); and 2) the AE firing frequency that produced effective annulus erection was similar to that which affected T cell responses. However, our results do not rule out the possibility that AE motoneurons affect T cells in the periphery by chemical means, i.e., through the release of the neurotransmitter or a substance co-released with it (Gascoigne and McVean 1991) . In an investigation on the fine structure of the T cell terminals, Blackshaw (1981) reported that branches of the T cell axon run together with about four other axons until they leave this group of axons and enter the intercellular spaces between the epithelial cells. These other axons have not been identified yet, but if they are branches of the AE motoneurons, they would be in a position to exert a direct effect on the electrophysiological properties of the T cell terminals by chemical release.
According to the "mechanical interpretation", T cells would decrease their responsiveness as the skin becomes ridged due to changes in the viscoelastic properties of the skin (i.e., compressibility, creep etc.) that, in turn, could alter the effectiveness of mechanical stimuli impinging on the skin (Pubol 1982) . These results suggest that skin topology can exert a strong influence on mechanosensory sensitivity extending what has been usually considered a central phenomenon through presynaptic inhibition of sensory neurons (Clarac et al. 2000; Rudomin 1999 ) to a peripheral scenario. The type of peripheral modulation proposed in our interpretation would be analogous to the one exerted by gamma efferents on the sensory afferents in the muscle-spindle stretch reflex (Appelberg et al. 1983) in that gamma motoneurons exert peripheral changes that modify the response of sensory neurons to muscle length.
An equivalent modulation in the visual system is the one exerted by the eyelids (or in a more subtle way by the iris) that causes visual suppression by limiting the input of external stimuli on the primary sensory neurons (Volkmann et al. 1980) . Given the similarities between leech T sensory neurons and rapidly adapting mechanosensory neurons of vertebrates, the present results on the effect of skin topology on mechanosensitivity could be of relevance to the vertebrate somatosensory system.
Feedback interactions between the sensory neuron and the motoneuron
While AE motoneuron activity could cause a decrease in sensory response to light mechanosensory signals, these inputs could counteract this effect by inhibiting the motoneuron. It is worth noting that activation of sensillar movement receptors also cause inhibitory responses in AE neurons (Friesen 1981) . The results show that AE motoneurons received inhibitory signals from skin stimuli and from direct activation of T cells. However, this negative feedback loop was limited by the biophysical properties of the motoneuron.
The input resistance of AE motoneurons displayed an inverted V-shape relationship with the membrane potential. The inverse correlation between input resistance and firing frequency of AE motoneurons, at the -60 to -10 mV range (Fig.  6) , suggests that the spiking activity was responsible for input resistance modulation. AE spikes are initiated within the ganglionic arborizations of the neuron (Gu et al. 1991) , and therefore the voltage-dependent conductances underlying action potentials could influence the conductance of the central arborizations of the motoneuron, where the synaptic inputs take place. However, the drop in resistance could be also caused by additional voltage-dependent conductances, as the persistent sodium current described in leech neurons (Angstadt 1999; Opdyke and Calabrese 1994) . As a consequence, the inhibitory responses caused by mechanosensory stimuli diminished as the membrane potential of the cell was shifted to positive values, despite the fact that this shift entailed an increase in driving force of the synaptic conductance. In addition, the drop in resistance produced a decrease in the time constant of the motoneuron, curtailing the duration of the inhibitory response. These observations imply that the more active the motoneuron, the less sensitive it became to inhibitory signals.
Taken together, the data suggest that the mechanosensoryinduced inhibition would be relevant when the motoneuron is firing at a low rate, devoid of a strong excitatory drive (whose origin has still to be determined). Conversely, when brought to fire, AE motoneurons would stay "committed" to a high activity level, because at this state they became relatively insensitive to synaptic inputs. In turn, this would have a strong impact on sensory responsiveness to incoming mechanical signals.
The diagram in Fig. 7 summarizes the outlines of our interpretation.
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